Total volatile organic compounds (TVOC) are mainly derived from indoor building materials and are one of the main causes of indoor air pollution. This paper presents a research on simulating the TVOC release of building materials in the environmental chamber. In this work, a simple and practical prediction model of exponential decay is established to study the transport and the emission behaviors under the effect of convective mass transfer theory. Based on this theory, the model considers the porous structure of indoor building materials and assumes that concentration of TVOC at the boundary of building material obeys exponential distribution. This paper focuses on two kinds of indoor building materials, interior wall coatings and wood coatings. Numerical simulation and experimental parameters are obtained by environmental chamber method. By modelling the emission of TVOCs, and comparing the present model with the classical model, the validity of the present model can be confirmed. Besides, from the results of the fitting, it can be seen that the new exponential decay predition model has a better agreement with the experimental data, and which can describe the release characteristics and transmissionmechanisms of TVOCs more accurately, and the root mean square error is much less than the classical model.
Introduction
As the standard of people's life improving, indoor air pollution attracts more and more attention. In fact, Volatile organic compounds (VOCs) released from building materials is harmful to human health. Some studies have shown that VOCs can stimulate and poison human respiratory and visual systems inducing neurological diseases [1] [2] [3] . The release process of VOCs and formaldehyde from building materials has a complicated and long emission period. Therefore, it is necessary to investigate the emission characteristics and transmission mechanisms of VOCs from building materials.
The prediction models of VOCs emission from indoor building materials mainly include empirical model and physical mass transfer model [4] [5] [6] . The empirical model is obtained by experimental data and numerical simulation. Besides, the exponential model is one of the classical empirical models which can predict the emissions of VOCs in building materials. The first-order decay model was [7] . Although the first-order decay model has a low prediction for long-term emission, it can well fit short-term emissions characteristic [8] . As a matter of fact, the various parameters in the empirical model are empirical parameters, lacking physical meaning, and a large amount of experimental data is required, and the data obtained from the environmental chamber cannot be directly applied to the indoor. However, VOCs emission in building materials is a complex mass transfer process, the physical model based on mass transfer theory can well overcome the shortcomings of empirical models [9] . Therefore, the physical mass transfer model is widely used in VOCs emission researches.
The mass transfer model considers the release characteristics of formaldehyde and VOCs from the following three aspects: 1) VOCs diffuse in building materials; 2) diffusion from the surface of building materials to the air boundary layer; 3) convection and diffusion of air layer. Accordingly, the mass transfer characteristics of pollutants were specifically analyzed. Based on this theory, Fariborz and Huang et al. [10] used different models to predict the emission of VOCs, verified the transition between models, and obtained the relationship between partition coefficient and porosity. Zhang and Xu [11] developed an improved analytical model with the convective mass transfer. Numerical results shown that the fitting results are better than previous model. In addition, Deng and Kim [12] considered the relationship between the concentration of VOCs in air and in building materials, and further studied this model and improved the prediction accuracy. Moreover, a large number of references [13] [14] [15] [16] [17] have studied the mass transfer model. The mass transfer model overcomes some shortcomings of the empirical model, and its parameters have practical physical significance. Due to the parameters have to be solved by the model, hence, establishing a simple and practical emission model is very meaningful.
This study aims to develop a simple and practical model to simulate the characteristic of VOCs emission in the environmental chamber by considering the convective mass transfer and mass balance equation in the indoor environment. By fitting the experimental data and comparing the model with the classical model, it can be found that the model has high precision.
Model development
The classical empirical model to predict the concentration of TVOCs in the environmental chamber is as follow [18] :
where Cair is the concentration of TVOCs in the environmental chamber, t is time, and a, b are both constants.
The model is very suitable in early stage, but the result of fitting is not ideal in the late stage, primarily because this model lacks theoretical basis and limits its use conditions. Therefore, we need to establish a predictive model with better versatility and physical meaning to discuss the emissions of TVOCs in indoor environments.
Considering the diffusion process of TVOCs in the material and the boundary layer, it can be found that the interface between building materials and air has an effect on the emission characteristic of TVOCs. At the material-air interface, the concentration of TVOCs in the material is higher than the TVOCs in the air due to the adsorption of formaldehyde on the material.
The relationship between the concentration of TVOCs in the material and the interface can be expressed by [12] :
where C is the concentration in the material, Kma is the interface partition coefficient of TVOCs. Cai is the concentration in the interface, δ is thickness.
The pore structures on the surface of building materials can affect TVOCs emission. For volatile organic compounds are released through the pores on the surface of building materials, the porosity of building material cannot be ignored. At the material-air interface, the mass transfer is modified as follows [19] [20] [21] : 
where ε is the areal porosity calculated by mercury intrusion porosimetry, h is the convective mass transfer coefficient, D is the diffusion coefficient.
On the basis of the mass balance of TVOCs in the environmental chamber, the change of TVOCs with respect to time in the environment chamber is equal to the release of TVOCs from the surface of building materials minus the removal of TVOCs at the vent [22] . Compared with the classical empirical model, the diffusion mechanism of TVOCs can be well explained. To establish a mass balance in the environmental chamber, the following assumptions must be made: (1) VOCs are not contained in the initial air which injected into the environmental chamber; (2) VOCs released to the environmental chamber are mixed evenly. The expression is as follows:
where L is the loading rate, and N is the air exchange rate in the environment chamber.
The initial condition is as follow:
( ) . 0 0 air = C (5) Assuming that the concentration of TVOCs at the boundary of building material is exponentially decay, it can be written as [12] :
. e 
where C  is the concentration of TVOCs, which comes from chemical reaction, and A and B are constants.
Substituting equations (2)-(3) into equation (4), the equation (4) can be changed to the following form: Substituting equation (6) into equation (7), the equation (7) can be written as: 
Hence, the concentration Cair in environmental chamber can be expressed as:
The final form is as follow:
If we ignore the process filling the environmental chamber with TVOCs, without the chemical reaction, equation (13) can be simplified to the following single exponential decay model: 
Results and discussion
The TVOCs emission experiment was carried out in an approximately 1 m 3 environmental chamber. Hainate and VWH-1000 is the brand and model of the chamber in this experiment. Table 1 shown the experimental conditions. The interior wall coating or wood coating was placed in the chamber, and the material parallel to the airflow. 3-methyl-2-benzothiazolinone hydrazone (MBTH) collected TVOCs which emitted into the air. Spectrophotometry was applied to test the concentration every 24 hours until it reached equilibrium. The release characteristic of TVOCs for interior wall coating is shown in figure 1 . Because the time to fill the chamber is very short, the experimental data at this stage are not considered, only the decay process of TVOCs concentration in the environmental chamber is taken into account. A rapid process filling the environmental chamber with TVOCs is ignored. So the concentration drops slowly from the maximum value, and it has a long-term emission process. The deviation between the present model and the classical model can be seen from figure 1. The classical model has larger error in describing the TVOCs emission, while the present model has high precision. Meanwhile, the fitting parameters and root mean square error (rmse) are shown in table 2, which further verifies the above viewpoints. Figure 2 shows TVOCs emission of wood coating. It can be found that the TVOCs release characteristic of wood coatings is consistent with that of interior wall coatings. It has a slowly decline process from the peak value of TVOCs concentration. Numerical simulation results show that this model is superior to the classical model in the later release process. The corresponding parameter values and rmse are given in table 3, which further verifies the validity of the single exponential model. 
Conclusions
A simple and practical exponential decay empirical model is proposed to describe TVOCs emission in this paper. By modeling the emission of TVOCs for indoor building materials, the fitting results show
